Introduction
============

One of the hallmarks of osteoarthritis (OA) is the death of chondrocytes ([@b1-ijmm-45-01-0151],[@b2-ijmm-45-01-0151]). Chondrocytes, the only cells in the articular cartilage that synthesize chondrocyte matrix, are essential to maintain the normal structure and function of the articular cartilage. A large number of studies have demonstrated an association between chondrocyte death and OA ([@b1-ijmm-45-01-0151],[@b3-ijmm-45-01-0151]). On the one hand, loss of chondrocytes induced by inflammatory cytokines reduces the production of chondrocyte matrix and increases cartilage damage ([@b4-ijmm-45-01-0151]). Furthermore, intracellular components released by dead chondrocytes increase the generation of reactive oxygen species (ROS) and inflammatory factors, and aggravate the disturbance of the microenvironment in the cartilage ([@b5-ijmm-45-01-0151],[@b6-ijmm-45-01-0151]). Previous studies have revealed that tumor necrosis factor-α (TNF-α) is upregulated in OA and contributes to chondrocyte death ([@b7-ijmm-45-01-0151],[@b8-ijmm-45-01-0151]). Thus, exploring pertinent molecular mechanisms of chondrocyte death is critical for advancing understanding of OA and in developing novel therapeutic agents against the disease.

As the main organelle of eukaryotic cells, the mitochondria occupy approximately one fifth of cell volume and are widely involved in the regulation of cellular energy metabolism, proliferation and differentiation, aging and death ([@b9-ijmm-45-01-0151]). Mitochondrial dysfunction is implicated in the pathological progression of OA via a number of pathways, including oxidative stress, cartilage matrix synthesis and degradation disorder, cytokine mediated inflammatory response activation and chondrocyte death ([@b10-ijmm-45-01-0151],[@b11-ijmm-45-01-0151]). Recent studies have highlighted an important role of dynamin-related protein 1 (Drp1)-mediated mitochondrial fission in mitochondrial homeostasis ([@b12-ijmm-45-01-0151],[@b13-ijmm-45-01-0151]). Mechanistically, excessive mitochondrial fission contributes to mitochondrial dysfunction as indicated by loss of mitochondrial DNA integrity, reduction in ATP generation, mitochondrial ROS outburst, and loss of mitochondrial membrane potential ([@b13-ijmm-45-01-0151]). Furthermore, excessive fission triggers mitochondrial permeability transition pore (mPTP) opening via regulating voltage-dependent anion channel 1 (VDAC1) and hexokinase 2 (HK2), which plays a critical role in cell death ([@b14-ijmm-45-01-0151]). However, it remains unclear whether mitochondrial fission contributes to chondrocyte death in OA.

In addition to cellular death, chondrocyte motility deficiency is also an important pathogenic factor in OA ([@b15-ijmm-45-01-0151]). Several studies have shown that the balance of F/G-actin plays an important role in regulating cellular migration ([@b16-ijmm-45-01-0151]-[@b18-ijmm-45-01-0151]), suggesting that mitochondrial fission may regulate cell migration through its function on F/G-actin homeostasis. However, to the best of our knowledge, it is not known whether mitochondrial fission is involved in chondrocyte migration in OA.

The orphan nuclear receptor subfamily 4 group A member 1 (NR4A1), also termed NUR77, TR3, NGFI-B or NAK-1, is involved in the regulation of glucose and lipid metabolism, inflammatory responses and vascular homeostasis ([@b19-ijmm-45-01-0151],[@b20-ijmm-45-01-0151]). Previous findings indicated that NR4A1 contributes to chondrocyte death by promoting mitochondrial dysfunction in OA ([@b7-ijmm-45-01-0151],[@b21-ijmm-45-01-0151]). However, the underlying mechanism is unclear. Furthermore, NR4A1 has been reported to contribute to mitochondrial dysfunction and cellular death underlying the pathogenesis of non-alcoholic fatty liver disease via regulation of the p53/mitochondrial fission pathway ([@b22-ijmm-45-01-0151]). Accordingly, the present study hypothesized that NR4A1 may serve a role in chondrocyte mitochondrial fission and death in OA.

The present results demonstrated that NR4A1 promoted chondrocyte mitochondrial fission via the AMP-activated protein kinase (AMPK)/Drp1 pathway in OA. Furthermore, activation of mitochondrial fission triggered chondrocyte death via mitochondrial function damage and mPTP opening. Excessive mitochondrial fission also reduced chondrocyte migration by the imbalance of F/G-actin homeostasis.

Materials and methods
=====================

Cell culture
------------

Primary rat articular chondrocytes were isolated from knee joint cartilage slices of 5-week old male Sprague-Dawley rats (n=40; 130-150 g) using the enzyme dissociation method as described previously ([@b7-ijmm-45-01-0151],[@b23-ijmm-45-01-0151]). The rats were housed in an environmentally controlled facility at 23°C, with a 12/12-h light/dark cycle, and provided food and water *ad libitum*. The animal protocols were approved by the Animal Care and Use Committee of Peking Union Medical College Hospital. Chondrocytes were cultured in DMeM (Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% fetal bovine serum (HyClone; Ge Healthcare life Sciences) at 37°C with 5% CO~2~ and 95% air. At 70-80% confluence, chondrocytes were incubated with TNF-α (50 ng/ml; Sigma-Aldrich; Merck KGaA) and cycloheximide (CHX; 10 *µ*g/ml; Sigma-Aldrich; Merck KGaA) to induce cellular death as previously described ([@b24-ijmm-45-01-0151]). Chondrocytes were treated with the mitochondrial fission inhibitor mdivi1 (10 mM; Sigma-Aldrich; Merck KGaA) for 12 h at 37°C. Cyclosporine A (10 *µ*M; Sigma-Aldrich; Merck KGaA), an mPTP blocker, was used to pre-treat chondrocytes prior to TNF-α and CHX treatment. Jasplakinolide (2 *µ*M; Abcam; cat. no. ab141409) was used 2 h before TNF-α and CHX treatment to inhibit the F-action degradation at 37°C. AMPK inhibitor (Compound C; 10 *µ*M) or AMPK activator (AICAR; 500 *µ*M; Merck KGaA) were used to pre-treat chondrocytes prior to TNF-α and CHX treatment for 12 h at 37°C.

Western blot analysis
---------------------

Chondrocytes were lysed in a lysis buffer containing 20 mM Tris (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton, 0.1% sodium dodecyl sulfate (SDS) and a cocktail of protease inhibitors at 4°C for 10 min. The protein content of the lysate was measured using the BCA method. Proteins (50 or 100 *µ*g per lane) were resolved by 10% SDS-PAGe and then transferred to a PVDF membrane. The membrane was blocked with 5% non-fat milk for 1 h at room temperature and then incubated with primary antibodies overnight at 4°C against the following: NR4A1 (Cell Signaling Technology, Inc.; cat. no. 5095; 1:1,000), GADPH (Cell Signaling Technology, Inc.; cat. no. 5174; 1:1,000), phosphorylated (phospho)-Drp1 (Ser616) (Cell Signaling Technology, Inc.; cat. no. 3455; 1:1,000), Drp1 (Cell Signaling Technology, Inc.; cat. no. 8570; 1:1,000), complex III subunit core (Cell Signaling Technology, Inc.; cat. no. 459220, 1:1,000), complex II (Abcam; cat. no. ab110410; 1:1,000), complex IV subunit II (Abcam; ab110268; 1:1,000), complex I subunit NDUFB8 (CI-20; Abcam; cat. no. ab110242; 1:1,000), G-actin (Abcam; cat. no. ab123034; 1:1,000), F-actin (Abcam; cat. no. ab205; 1:1,000), AMPK (Abcam; cat. no. ab131512; 1:1,000) and phoshpo-AMPK (Abcam; cat. no. ab23875; 1:1,000). Secondary antibodies including horseradish peroxidase (HRP)-conjugated anti-mouse IgG (1:1,000; cat. no. 14709) and HRP-conjugated anti-rabbit IgG (1:1,000; cat. no. 14708) were purchased form Cell Signaling Technology, Inc. The membrane was incubated with secondary antibodies for 1 h at room temperature. The blots were detected with an enhanced chemiluminescence substrate kit (Thermo Fisher Scientific, Inc.), and band intensity levels were analyzed using Quantity One 4.6 software (Bio-Rad laboratories, Inc.).

Cell transfection
-----------------

NR4A1-specific siRNA (5′-CCA AGT ACA TCT GCC TGG CAA ACA A-3′) and scrambled control siRNA (5′-UUC UCC GAA CGU GUC ACA TGA UGU-3′) were synthesized by RiboBio (Guangzhou, China). A total of 20 nM siNR4A1 or control siRNA was used to transfect chondrocytes cells (2×10^6^ cells/well) with lipofectamine^®^ 2000 (Thermo Fisher Scientific, Inc.) for 48 h in 6-well plates, and the transfection efficiency was determined by western blotting.

Flow cytometry
--------------

Cell viability was measured by MTT assay (MTT cell proliferation and cytotoxicity detection kit; cat. no. C0009; Beyotime Institute of Biotechnology) and lactate dehydrogenase (LDH) release assay (LDH cytotoxicity assay kit; cat. no. C0016; Beyotime Institute of Biotechnology) as previously described ([@b25-ijmm-45-01-0151]). Cell viability was also measured by Annexin V/propidium iodide and calcein AM/ethidium homodimer-1 (ethD-1) flow cytometric analysis. For calcein AM/ethD-1 flow cytometry, cells were seeded in 6-well cell-culture plates at a density of 10^6^/well and incubated at 37°C for 24 h. Following TNF-α and CHX treatments, cells were collected and washed with PBS three times. Subsequently, the samples were simultaneously stained with 5 *µ*l EthD-1 (2 mM) and 2 *µ*l calcein AM working solution in the dark for 15-20 min with the lIVe/DeAD Viability/Cytotoxicity kit (cat. no. l3224; Molecular Probes; Thermo Fisher Scientific, Inc.). The stained cells were subsequently analyzed using a BD FACS-Calibur cytometer (BD Biosciences). The data were analyzed by FlowJo software (version 7.6.5; FlowJo llC).

Mitochondrial membrane potential measurements, mPTP opening detection and ATP measurements
------------------------------------------------------------------------------------------

Mitochondrial membrane potential (ΔΨm) was measured using a mitochondrial membrane potential assay kit with JC-1 (cat. no. C2006; Beyotime Institute of Biotechnology), according to the manufacturer\'s protocol. Images were captured under a fluorescence microscope (Olympus Corporation) and analyzed with Image-Pro Plus 6.0 (Media Cybernetics, Inc.). In addition, mPTP opening was detected as a rapid dissipation of tetramethylrhodamine ethylester fluorescence as previously described ([@b25-ijmm-45-01-0151]). Cellular ATP levels were measured using an ATP assay kit (cat. no. S0026; Beyotime Institute of Biotechnology), according to the manufacturer\'s protocol.

Immunofluorescence staining
---------------------------

Cells were fixed with 4% paraformaldehyde for 15 min at room temperature and then washed three times with PBS. Following blocking with 5% bovine serum albumin (Sigma-Aldrich; Merck KGaA) in PBS for 1 h at room temperature, the cells were then incubated with primary antibodies against F-actin (Abcam; cat. no. ab205; 1:500) and TOM20 (Cell Signaling Technology, Inc.; cat. no. 42406; 1:500) at 4°C overnight. After three washes with PBS, the cells were stained with secondary antibodies at 37°C for 1 h. The Alexa Fluor^®^ secondary antibodies, anti-mouse IgG (1:500; cat. no. 4408) and anti-rabbit IgG (1:500; cat. no. 4412), were purchased from Cell Signaling Technology, Inc. DAPI (5 mg/ml; Sigma-Aldrich; Merck KGaA) was used to stain the nucleus at room temperature for 3 min. Furthermore, MitoSOX red mitochondrial superoxide indicator (Molecular Probes; Thermo Fisher Scientific, Inc.) was used to identify mitochondria-reactive oxygen species (mROS). The cells were incubated with MitoSOX (25 *µ*M) in PBS at 37°C for 30 min. Images were captured using a laser confocal microscope (magnification, ×600; TcS SP5; leica Microsystems, Inc.).

Mitochondrial DNA (mtDNA) strand breaks, copy numbers and transcription level detection
---------------------------------------------------------------------------------------

mtDNA strand breaks were detected. Briefly, a 200-*µ*l cell (1×10^6^) suspension was centrifuged at 15,000 × g at 4°C for 20 min. The supernatant was discarded and the cells were suspended in a 400 *µ*l solution (0.25 mmol/l inositol, 10 mmol/l Na~3~PO~4~ and 1 mmol/l MgCl~2~; pH 7.2) at 4°C for 30 min. The relative amounts of mtDNA and nuclear DNA content were used to assess the mtDNA copy numbers via quantitative polymerase chain reaction. The mtDNA and nuclear amplicons were generated from a complex IV segment and GAPDH segment, respectively. The mtDNA primer sequences were as follows: Forward, 5′-CTA TGT CGT GTC CAG AG-3′; and reverse, 5′-CAT GTT GTC CCG TGT CAT G-3′. The GAPDH primers, chosen as the internal standards, were as follows: Forward, 5′-CTC AGT CGT ATT CGA GTG GTC CT-3′; and reverse, 5′-CCT GTG GAA GTC CAC AAC ATG TC-3′. The transcript level of mtDNA was reflected by two different components: NADH dehydrogenase subunit 1 (ND1) and cytochrome c oxidase subunit I. The primers for cytochrome c oxidase subunit I were: Forward, 5′-ATC GTT CGG TGA GGT CGT G-3′; and reverse, 5′-CGC CGG TGT CAT TAT CGT ATA-3′. The primers for ND1 were: Forward, 5′-TTG CCG TAT ATT CAG TAT C-3′; and reverse, 5′-ATC CTG TTG CCC AGT CCA GT-3′.

Assays for respiratory chain complex activities
-----------------------------------------------

ETCx activities were analyzed via ELISA according to the manufacturer\'s protocols. The ELISA assay kits for ETCx I, II, and V were purchased from Beyotime Institute of Biotechnology (cat. nos. S0052, S0101 and S0052, respectively). Mitochondrial respiratory function was measured by polarography at 30°C using a Biological Oxyge Monitor system (Hansatech Instruments, Ltd.) and a Clarktype oxygen electrode (Hansatech DW1; Hansatech Instruments, ltd.). Mitochondrial respiration was initiated by adding glutamate/malate to a final concentration of 5 and 2.5 mmol/l for 5 min, respectively. State 3 respiration was initiated by adding ADP (150 nmol/l) for 5 min; state 4 was measured as the rate of oxygen consumption after ADP phosphorylation. The respiratory control ratio (state 3/state 4) and the ADP/O ratio (number of nmol ADP phosphorylated to atoms of oxygen consumed) were calculated.

Transwell assays
----------------

Chondrocyte migration was evaluated using 24-well Transwell chambers (Corning, Inc.). First, 1×10^5^ chondrocytes were seeded in the upper chamber containing serum-free DMEM. The chemotactic agent stromal cell-derived factor 1 (100 ng/ml; Sigma-Aldrich; Merck KGaA) together with DMEM supplemented with 10% FBS was added to the lower chamber to induce chondrocyte migration. After a 24-h incubation at 37°C, non-migrating cells in the upper chamber were carefully removed using a cotton swab, cells that traversed through the membrane were fixed in methanol and stained with 0.05% crystal violet at room temperature. The cellular migration was imaged under a light microscope (magnification, ×100; leica Microsystems, Inc.).

Statistical analysis
--------------------

All analyses were performed with SPSS 20.0 software (IBM Corp.). All experiments were performed at least three times independently. Data are presented as the mean ± standard deviation and statistical significance for each variable was estimated by a one-way analysis of variance followed by Tukey\'s test for post-hoc analysis. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

NR4A1 upregulation is associated with chondrocyte death under TNF-α and CHX treatment
-------------------------------------------------------------------------------------

Chondrocyte death was induced by treatment with TNF-α (50 ng/ml) plus CHX (10 *µ*g/ml) as previously described ([@b7-ijmm-45-01-0151]). TNF-α and CHX treatment significantly decreased the viability of chondrocytes compared with the control group ([Fig. 1A](#f1-ijmm-45-01-0151){ref-type="fig"}). In addition, western blot analysis were used to detect NR4A1 expression before and after TNF-α and CHX treatment. As presented in [Fig. 1B and C](#f1-ijmm-45-01-0151){ref-type="fig"}, NR4A1 expression was significantly increased by TNF-α and CHX treatment, suggesting that NR4A1 upregulation was associated with chondrocyte death. TNF-α and CHX treatment for 24 h was used in the subsequent experiments, as the expression of NR4A1 was the highest at 24 h after treatment. To investigate the role of NR4A1 in TNF-α and CHX-induced chondrocyte death, chondrocytes were transfected with siRNA against NR4A1. Transfection efficiency was confirmed via western blot analysis ([Fig. 1D and E](#f1-ijmm-45-01-0151){ref-type="fig"}), and cellular viability was measured following transfection ([Fig. 1F](#f1-ijmm-45-01-0151){ref-type="fig"}). NR4A1-knockdown had no effect on chondrocyte viability. NR4A1 downregulation significantly decreased TNF-α and CHX-induced chondrocyte death as indicated by reduced LDH release ([Fig. 1G](#f1-ijmm-45-01-0151){ref-type="fig"}), increased cell viability ([Fig. 1H](#f1-ijmm-45-01-0151){ref-type="fig"}) and fewer Annexin V^−^/PI^−^ cells ([Fig. 1I and J](#f1-ijmm-45-01-0151){ref-type="fig"}). Together, these results indicate that NR4A1 upregulation contributes to chondrocyte death under TNF-α and CHX treatment.

NR4A1 upregulation promotes chondrocyte death via activating mitochondrial fission/mPTP opening
-----------------------------------------------------------------------------------------------

To determine the underlying mechanism whereby NR4A1 triggers chondrocyte death, the present study focused on changes of mPTP opening, as previous studies have reported mPTP opening as an upstream trigger of cellular death ([@b25-ijmm-45-01-0151],[@b26-ijmm-45-01-0151]). Compared with the control group, TNF-α and CHX significantly increased mPTP opening time and dissipated the mitochondrial membrane potential, which was reversed by NR4A1-knockdown ([Fig. 2A-C](#f2-ijmm-45-01-0151){ref-type="fig"}). Furthermore, cyclosporine A promoted chondrocyte survival compared with the TNF-α and CHX group, indicating that mPTP opening contributed to NR4A1-medicated chondrocyte death ([Fig. 2D](#f2-ijmm-45-01-0151){ref-type="fig"}).

Mitochondrial fission has been reported as an important activator of mPTP opening and contributes to NR4A1-mediated cell death ([@b20-ijmm-45-01-0151],[@b27-ijmm-45-01-0151]). Thus, the present study examined whether mitochondrial fission was involved in NR4A1-induced mPTP opening and cellular death under TNF-α and CHX treatment. To answer this question, mdivi1, an inhibitor of mitochondrial fission, was used in chondrocytes as the negative control group. As presented in [Fig. 2F](#f2-ijmm-45-01-0151){ref-type="fig"}, a higher number of mitochondrial fragments were observed in the TNF-α and CHX group, but not the siNR4A1 group. mdivi1 markedly reduced the number of mitochondrial fragments after TNF-α and CHX treatment ([Fig. 2F](#f2-ijmm-45-01-0151){ref-type="fig"}). Similar results were observed in terms of the mitochondrial length ([Fig. 2e](#f2-ijmm-45-01-0151){ref-type="fig"}). Furthermore, inhibiting mitochondrial fission also significantly reduced TNF-α and CHX-triggered mPTP opening ([Fig. 2G](#f2-ijmm-45-01-0151){ref-type="fig"}) and cell death as indicated by LDH release ([Fig. 2H](#f2-ijmm-45-01-0151){ref-type="fig"}) and calcein AM/ethD-1 flowcytometric analysis ([Fig. 2I and J](#f2-ijmm-45-01-0151){ref-type="fig"}), which is consistent with NR4A1 deficiency. Collectively, these results confirmed that NR4A1 promoted mPTP opening-related cell death via activating mitochondrial fission under TNF-α and CHX stimulation.

Mitochondrial fission activation results in mitochondrial energy metabolism disorder
------------------------------------------------------------------------------------

Besides regulating cell death, the mitochondria are also an important organelle for regulating cell energy metabolism, which has been reported to be involved in the pathological progression of OA ([@b28-ijmm-45-01-0151],[@b29-ijmm-45-01-0151]). Thus, the present study investigated whether NR4A1 contributes to mitochondrial dysfunction in chondrocytes after TNF-α and CHX treatment. The results demonstrated that TNF-α and CHX reduced the amount of double-stranded mtDNA breaks, mtDNA copy number and mtDNA transcript levels ([Fig. 3A-C](#f3-ijmm-45-01-0151){ref-type="fig"}). Furthermore, TNF-α and CHX inhibited the content and activity of the electron transport chain complexes (eTCx), which were coupled to state 3/4 respiratory and ATP generation ([Fig. 3e-I](#f3-ijmm-45-01-0151){ref-type="fig"}). However, these changes were reversed by NR4A1-knockdown and application of mdivi1. Furthermore, compared with the TNF-α and CHX group, NR4A1-knockdown and application of mdivi1 also inhibited mitochondrial ROS production under TNF-α and CHX treatment ([Fig. 3J](#f3-ijmm-45-01-0151){ref-type="fig"}). These results indicated that NR4A1 deficiency protects mitochondrial function via fission in chondrocytes after TNF-α and CHX treatment.

Excessive mitochondrial fission inhibits cellular migration via an imbalance of F-actin homeostasis
---------------------------------------------------------------------------------------------------

Chondrocyte motility deficiency also contributes to OA progression ([@b15-ijmm-45-01-0151],[@b30-ijmm-45-01-0151]). However, the effect of mitochondrial fission on chondrocyte migration is unclear. To address this question, the present study first observed changes of chondrocyte migration under TNF-α and CHX treatment. As presented in [Fig. 4A](#f4-ijmm-45-01-0151){ref-type="fig"}, TNF-α and CHX markedly decreased chondrocyte migration compared with the control group. However, loss of NR4A1 increased chondrocyte migration, which is similar to the effect of mdivi1, suggesting that mitochondrial fission facilitates TNF-α and CHX-triggered inhibition of chondrocyte migration. Given that F-actin plays an important role in the regulation of cell migration, the present study was interested in whether F-actin homeostasis is implicated in inhibition of chondrocyte migration. Fluorescence microscopy was used to observe F-actin changes. As shown in [Fig. 4B](#f4-ijmm-45-01-0151){ref-type="fig"}, TNF-α and CHX markedly reduced the fluorescence intensity of F-actin. Because F-actin is composed of G-actin, western blot analysis were performed to examine the amount of F- and G-actin to confirm the imbalance of F-actin homeostasis. TNF-α and CHX significantly reduced the expression of F-actin and increased the expression of G-actin compared with the control group ([Fig. 4C-E](#f4-ijmm-45-01-0151){ref-type="fig"}). However, inhibiting F-actin degradation by jasplakinolide promoted cell migration ([Fig. 4A](#f4-ijmm-45-01-0151){ref-type="fig"}) and maintained F-actin homeostasis ([Fig. 4B-E](#f4-ijmm-45-01-0151){ref-type="fig"}), which are similar to the results following mdivi1 treatment and NR4A1-knockdown. This verified the hypothesis that NR4A1 induced mitochondrial fission-triggered imbalance of F-actin homeostasis and contributed to impaired chondrocyte migration under TNF-α and CHX stimulation.

NR4A1 regulates mitochondrial fission via the AMPK/Drp1 pathway
---------------------------------------------------------------

What remains unclear is how NR4A1 evokes mitochondrial fission. Several studies have argued that the AMPK pathway plays a critical role in Drp1 phosphorylation activation and mitochondrial fission ([@b31-ijmm-45-01-0151],[@b32-ijmm-45-01-0151]). Thus, the present study investigated whether the AMPK pathway was implicated in NR4A1-induced mitochondrial fission. To answer this question, AICAR, an activator of the AMPK pathway, was used as the positive control and compound C, an inhibitor of the AMPK pathway, was used as the negative control. The results indicated that TNF-α and CHX inhibited activation of the AMPK pathway as indicated by significant down-regulated phospho-AMPK expression, which was blocked by NR4A1-knockdown ([Fig. 5A and B](#f5-ijmm-45-01-0151){ref-type="fig"}). levels of AMP and ATP were also measured to confirm the activation of the AMPK pathway ([Fig. 5F](#f5-ijmm-45-01-0151){ref-type="fig"}). To explore the role of AMPK in mitochondrial fission activation, Drp1 post-was assessed by western blot analysis. As presented in [Fig. 5E](#f5-ijmm-45-01-0151){ref-type="fig"}, TNF-α and CHX increased the expression of phospho-Drp1 (Ser616), which was accompanied with increased Drp1 accumulation in the mitochondria ([Fig. 5D](#f5-ijmm-45-01-0151){ref-type="fig"}) and reduced Dpr1 expression in the cytoplasm ([Fig. 5C](#f5-ijmm-45-01-0151){ref-type="fig"}). However, these changes were reversed by NR4A1-knockdown, which is similar to application of AICAR. Furthermore, inhibiting AMPK by compound c abolished the protective effect of NR4A1-knockdown. Together, these results revealed that NR4A1 activated mitochondrial fission via the APMK pathway.

Discussion
==========

Inhibiting chondrocyte death has been considered as an important treatment option for OA ([@b1-ijmm-45-01-0151],[@b2-ijmm-45-01-0151]). Accumulating evidence has indicated that NR4A1 plays a critical role in the regulation of chondrocytes death ([@b7-ijmm-45-01-0151],[@b21-ijmm-45-01-0151]). However, the underlying mechanism remains unclear. The present study confirmed that NR4A1 upregulation by TNF-α and CHX contributes to chondrocyte death in OA. Mechanically, upregulated NR4A1 induced mitochondrial fission via the AMPK/Drp1 pathway. Excessive mitochondrial fission exacerbated chondrocyte death by promoting mPTP opening. Mitochondrial fission also impaired cellular migration via an imbalance of F/G-actin homeostasis. To the best of our knowledge, this is the first study to explore the role of NR4A1 in OA together with Drp1-related mitochondrial fission, mPTP opening, F/G-actin-associated migration and AMPK signaling. Nevertheless, these findings are based on *in vitro* studies and additional studies using NR4A1^−/−^ mice or rats will shed further light on the role of NR4A1 *in vivo*.

A number of studies have focused on the mechanism of chondrocyte death in OA due to the critical role of chondrocyte survival in OA treatment ([@b1-ijmm-45-01-0151]-[@b3-ijmm-45-01-0151]). Different types of chondrocyte death, including apoptosis ([@b33-ijmm-45-01-0151]) and necroptosis ([@b24-ijmm-45-01-0151]), have been shown to be involved in TNF-α-induced chondrocyte death. Therefore, searching for common upstream pathways of apoptosis and necroptosis is essential to improve chondrocyte survival and OA treatment. mPTP opening has been regarded as an important upstream regulator of both apoptosis ([@b34-ijmm-45-01-0151],[@b35-ijmm-45-01-0151]) and necroptosis ([@b26-ijmm-45-01-0151],[@b36-ijmm-45-01-0151],[@b37-ijmm-45-01-0151]). The present study confirmed that inhibition of mPTP promoted chondrocyte survival under TNF-α and CHX treatment as indicated by MTT assay, LDH release, Annexin V/propidium iodide and calcein AM/ethD-1 flow cytometric analyses. Further study is needed on the role of mPTP opening in inhibiting chondrocyte apoptosis and necroptosis.

Mitochondrial fission ([@b14-ijmm-45-01-0151]), calcium overload ([@b38-ijmm-45-01-0151]), ROS ([@b39-ijmm-45-01-0151]), mROS ([@b25-ijmm-45-01-0151]) and cyclophilin D ([@b40-ijmm-45-01-0151]) have been reported to participate in mPTP opening. excessive mitochondrial fission triggers mPTP opening by promoting the dissociation of VDAC1 and HK2 on the mitochondrial outer membrane ([@b14-ijmm-45-01-0151]). The present study confirmed that NR4A1 promoted mPTP opening by evoking mitochondrial fission, which is similar to previous studies. It remains unclear whether other mPTP opening-activators contribute to NR4A1-induced mPTP opening and chondrocyte death in OA. Further experimental evidence is needed.

During mitochondrial fission, Drp1 is an important regulator of fission and the ring structure formed by Drp1 on the mitochondrial outer membrane is a key step of mitochondrial division ([@b41-ijmm-45-01-0151]). The present study confirmed that TNF-α and CHX increased the expression of phospho-Drp1 (Ser616), accompanied with increased Drp1 accumulation in the mitochondria and reduced Dpr1 expression in the cytoplasm. Furthermore, Drp1 recruitment on the mitochondria requires its corresponding receptors located on the mitochondrial outer membrane. Accumulating evidence has indicated that four proteins are involved in fission, Fis1, Mff, MiD49 and MiD51 ([@b42-ijmm-45-01-0151],[@b43-ijmm-45-01-0151]). Further studies are required to determine which receptor participates in mitochondrial fission in chondrocytes.

In the present study, it was confirmed that overexpression of NR4A1 is involved in mitochondrial function damage via activating excessive mitochondrial fission, which damaged the structure and function of mitochondrial DNA and was responsible for the expression of ETCx, as evidenced by lower ATP generation. Consistent with the present findings, a previous study has reported that NR4A1 functions in the dissipation of mitochondrial membrane potential, cellular energy disorder and irreversible cell death via the mPTP complex ANT1-VDAC1 pathway ([@b44-ijmm-45-01-0151]).

Furthermore, the present study confirmed that excessive mitochondrial fission decreased chondrocyte migration via disruption of F-actin homeostasis. It is understood that F-actin is an important factor affecting cellular motility. In mitochondrial fission, F-actin participates in mitochondrial fission by breaking down into G-actin and then interacting with Drp1 and its receptors on the mitochondria outer member to promote the formation of a contractile ring ([@b45-ijmm-45-01-0151]). Therefore, we hypothesize that excessive mitochondrial division disrupts the F-actin balance by consuming a large amount of F-actin, which ultimately decreases cellular motility. Inhibiting mitochondrial fission protects chondrocyte mobilization under treatment of TNF-α and CHX, which is consistent with the effect of NR4A1-knockdown and jasplakinolide.

The current study has provided the first piece of evidence indicating that NR4A1 triggers Drp1-mitochondrial fission via the AMPK pathway. The effect of AMPK on mitochondrial fission remains controversial. A previous study has reported that AMPK promotes mitochondrial fission by activating Mff ([@b46-ijmm-45-01-0151]). However, other studies have suggested that AMPK inhibits mitochondrial fission by reducing the expression of drp1 in aortic endothelial cells ([@b47-ijmm-45-01-0151]). The present study demonstrated that AMPK inhibited mitochondrial fission by reducing phospho-Drp1 (Ser616) in chondrocytes under treatment of TNF-α and CHX.

In conclusion, the present study has demonstrated that NR4A1 upregulation promotes mitochondrial fission via the AMPK pathway ([Fig. 6](#f6-ijmm-45-01-0151){ref-type="fig"}). excessive mitochondrial fragments contribute to mitochondrial dysfunction, mPTP opening and F-actin homeostasis, which finally induces chondrocyte death and impairs migration. These findings support the conclusion that NR4A1 may be an attractive therapeutic target in OA.
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![NR4A1 upregulation is associated with chondrocyte death in osteoarthritis. (A) Cell viability was measured by MTT assay. Treatment with TNF-α and CHX for 24 h reduced chondrocyte viability in a time-dependent manner. (B) The expression of NR4A1 was measured by western blotting. (C) NR4A1 expression was significantly increased by TNF-α and CHX treatment. (D) Transfection efficiency was confirmed by western blotting. (e) The images of western blotting. (F) Knockdown of NR4A1 had no effect on chondrocyte viability. The role of NR4A1 on chondrocyte survival was measured by (G) lDH release assay, (H) MTT assay and (I) Annexin V/PI flow cytometric analysis. (J) The images of Annexin V/PI flow cytometric analysis. ^\*^P\<0.05 vs. ctrl group. \#P\<0.05 vs. TNF-α and CHX group. ctrl, control; TNF-α, tumor necrosis factor-α; NR4A1, nuclear receptor subfamily 4 group A member 1; lDH, lactate dehydrogenase; PI, propidium iodide; si, small interfering RNA; CHX, cycloheximide.](IJMM-45-01-0151-g00){#f1-ijmm-45-01-0151}

![NR4A1 upregulation is associated with chondrocyte death in osteoarthritis. (A) Inhibiting NR4A1 repressed mPTP opening in chondrocytes under TNF-α and CHX treatment. (B) Mitochondrial membrane potential was assessed by JC-1 assay. (C) The images of mitochondrial membrane potential (scale bars, 100 *µ*m). (D) Cell viability was measured by MTT assay. Repressing mPTP opening contributed to chondrocyte survival, which was similar to NR4A1-knockdown. (E) The change of mitochondrial length. (F) Mitochondria of chondrocytes are labeled with anti-TOM20 antibody to determine the number of cells with mitochondria fragmentation (scale bars, 10 *µ*m). (G) The mPTP opening time. (H) lDH release. (I) The viability of chondrocytes was measured by calcein AM/ethD-1 flow cytometric analysis. (J) Inhibiting mitochondrial fission reduced chondrocyte death. ^\*^P\<0.05 vs. ctrl group. ^\#^P\<0.05 vs. TNF-α and CHX group. ctrl, control; TNF-α, tumor necrosis factor-α; NR4A1, nuclear receptor subfamily 4 group A member 1; lDH, lactate dehydrogenase; si, small interfering RNA; mPTP, mitochondrial permeability transition pore; CsA, cyclosporine A; ethD-1, ethidium homodimer-1; CHX, cycloheximide.](IJMM-45-01-0151-g01){#f2-ijmm-45-01-0151}

![NR4A1 contributes to mitochondrial dysfunction via excessive mitochondrial fission. (A) The percentage of double-stranded mtDNA indicates mtDNA strand breaks. (B) mtDNA copy number was assessed by complex IV segment. (C) The transcript level of mtDNA was measured by ND1, the light chain of mtDNA, and COXI, and the heavy chain of mtDNA. (D) Change in ATP contents. (e) The expression of mitochondrial eTCx was measured by western blot analysis. (F) TNF-α and CHX inhibited the content of ETCx. (G) Changes in ETCx I, II and V activities. (H) The effect of NR4A1 on state 3 respiration in chondrocytes under TNF-α and CHX stimulation. (I) The effect of NR4A1 on state 4 respiration in chondrocytes under TNF-α and CHX stimulation. (J) Change of mitoROS (scale bar, 10 *µ*m). ^\*^P\<0.05 vs. ctrl group. ^\#^P\<0.05 vs. TNF-α and CHX group. ctrl, control; TNF-α, tumor necrosis factor-α; NR4A1, nuclear receptor subfamily 4 group A member 1; si, small interfering RNA; TNF-α, tumor necrosis factor-α; mtDNA, mitochondrial DNA; mitoROS, mitochondrial reactive oxygen species; CII-core2, complex III subunit core; CII-30, complex II; CIV-II, complex IV subunit II; CI-20, complex I subunit NDUFB8; ND-1, NADH dehydrogenase subunit 1; COX1, cytochrome c oxidase subunit I; eTCx, electron transport chain complexes; CHX, cycloheximide.](IJMM-45-01-0151-g02){#f3-ijmm-45-01-0151}

![Mitochondrial fission reduces chondrocyte migration via F-actin homeostasis. (A) Cellular migration was measured by Transwell assays (scale bar, 100 *µ*m). (B) Fluorescence staining was also used to observe changes in F-actin (scale bar, 10 *µ*m). (C) Western blot assays were used to detect changes in the expression of (D) F-actin and (E) G-actin. ^\*^P\<0.05 vs. ctrl group. ^\#^P\<0.05 vs. TNF-α and CHX group. ctrl, control; TNF-α, tumor necrosis factor-α; si, small interfering RNA; Jasp, jasplakinolide; CHX, cycloheximide.](IJMM-45-01-0151-g03){#f4-ijmm-45-01-0151}

![NR4A1 regulates mitochondrial fission via the AMPK/Drp1 pathway. AI, an activator of the AMPK pathway, was used as the positive control and cC, an inhibitor of the AMPK pathway, was used as the negative control. (A) Western blot analysis were used to measure the expression of (B) p-AMPK, (C) cyto-Drp1, (D) mito-Drp1 and (e) p-Drp1. (F) NR4A1 represses AMPK activation as indicated by an increased AMP/ATP ratio following transfection with siNR4A1. ^\*^P\<0.05 vs. ctrl group. ^\#^P\<0.05 vs. TNF-α and CHX group. ^&^P\<0.05 vs. TNF-α and CHX+siNR4A1 group. AI, AICAR; cC, compound C; ctrl, control; TNF-α, tumor necrosis factor-α; si, small interfering RNA; p, phoshphorylated; t, total; cyto, cytoplasmic; mito, mitochondrial; AMPK, AMP-activated protein kinase; Drp1, dynamin-related protein 1; NR4A1, nuclear receptor subfamily 4 group A member 1; CHX, cycloheximide.](IJMM-45-01-0151-g04){#f5-ijmm-45-01-0151}

![TNF-α and CHX treatment elevates chondrocyte death and inhibits chondrocyte migration *in vitro* by initiating fatal mitochondrial fission and interrupting the NA4A1-AMPK signaling pathway. TNF-α, tumor necrosis factor-α; NR4A1, nuclear receptor subfamily 4 group A member 1; AMPK, AMP-activated protein kinase; mPTP, mitochondrial permeability transition pore; CHX, cycloheximide.](IJMM-45-01-0151-g05){#f6-ijmm-45-01-0151}
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